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Chromatin fragmentation associated with apoptotic changes in tobacco
cells exposed to cold stress
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Abstract Programmed cell death (PCD) may be triggered by a
variety of environmental stimuli. In this report we show that low
temperature treatment of tobacco BY-2 cells results in specific
chromatin changes. The early stage was characterised by
chromatin condensation associated with specific endonucleolytic
cleavage of the genome into fragments of 50-100 kbp in size.
Later, after 2 weeks of the cold treatment, a ladder of
nucleosomal units (178 bp) and their multiples occurred.
Chromatin changes were accompanied by a general decrease in
cell viability. However, the cell culture retained about 11% of
living cells even after prolonged incubation in the cold suggesting
the presence of a cold-resistant population of cells. The results
support the view that PCD was activated by the cold stress. We
suggest that cold-stressed tobacco BY-2 culture might be a useful
system for investigation of PCD in plant cells.
© 1997 Federation of European Biochemical Societies.
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1. Introduction

Programmed cell death (PCD), known as apoptosis, seems
to be an ubiquitous mechanism used by multicellular organ-
isms for developmental reasons, homeostasis and as a re-
sponse to adverse situations. Currently, PCD has been de-
scribed in animal cells in great detail [1] at morphological,
biochemical and genetic levels. Morphological alterations ex-
hibited by cells undergoing PCD include cell shrinkage, mem-
brane blebbing, chromatin condensation and fragmentation.
PCD in plants is less well understood. However, in recent
years evidence has accumulated suggesting that plant organ-
isms activate the cell death program in several distinct situa-
tions: (i) during certain developmental transitions, (ii) as a
response to some pathogens, such as hypersensitive response
and (iii) as a response to an adverse environment ([2-4], and
references therein).

Here we report on chromatin changes induced by cold
stress in tobacco BY-2 cells. The observed specific chromatin
fragmentation coupled with apoptotic changes of the cell nu-
cleus and cytoplasm suggest that PCD might be activated in
tobacco cells in response to cold stress.
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2. Materials and methods

2.1. Plant material and culture conditions

The tobacco bright yellow (BY-2) cell line [5] was propagated in
liquid MS medium [6] supplemented with sucrose (3 g/), thiamine (1
mg/l), KH;PO, (200 mg/l), myoinositol (100 mg/i) and 2.,4-dichloro-
phenoxyacetic acid (0.2 mg/l). Suspension cultures were grown in Er-
lenmeyer flasks under constant shaking (130 rpm) at 27°C.

Cold stress was induced by transfer of suspension culture (grown to
a density of about 108 cells/ml) to a cold room (5-6°C). A parallel
culture was grown without subcultivation at 27°C. At different time
intervals, DNA integrity and cytological changes were monitored.

2.2. Conventional gel electrophoresis and Southern hybridisation

Total DNA was isolated by a slightly modified cetyltrimethylam-
monium bromide method [7]. BY-2 cells were sedimented and freeze-
dried in order to remove excess water prior to grinding in liquid
nitrogen. After the isopropanol precipitation step, crude DNA was
treated with RNase A and then with proteinase K. phenol-chloroform
extracted and precipitated with ethanol. Integrity of DNA was eval-
uated by electrophoresis in 1.5% agarose gel in the presence of ethi-
dium bromide. Densitometric scanning of gels was performed with a
laser densitometer (Molecular Dynamics). Data processing was car-
ried out using ImageQuant software (Molecular Dynamics). Southern
hybridisations were performed as described elsewhere [8] using the
32P-labeled HRS60 repetitive probe [9,10] and the internal EcoR1 frag-
ment of the 25S rDNA gene cloned from the tomato genome [11].

In order to analyse chromatin structure, isolated nuclei were parti-
ally digested with micrococcal nuclease (MNase, Boehringer Mann-
heim). Isolation and digestion of nuclei were performed exactly as
described in {12].

2.3. Puised field gel electrophoresis

The samples of high-molecular-weight DNA were prepared from
protoplasts. About 1 ml of cell culture (1-5x 10 cells) was pelleted
by centrifugation in an Eppendorf centrifuge at 1500 g for 2 min.
Cell pellets were resuspended in an excess of a protoplast buffer con-
taining 0.1% pectolyase Y23 and 1% cellulase (both from Seishin
Pharmaceutical Co.) in 0.4 M p-mannitol, pH 5.5 and incubated at
26°C for 2 h. The protoplasts were then gently centrifuged and the
pellets were mixed with an equal volume of molten 1.5% low gelling
temperature agarose in TE (10 mM Tris-HCI, 1 mM EDTA, pH.8.0)
buffer and transferred to a mold. After solidification at 4°C, agarose
blocks were transferred into a lysis buffer (0.5 M EDTA. pH 9.25, 1%
sarcosyl, 0.5 mg/ml proteinase K) and incubated at 37°C for 48 h. The
blocks were then washed with TE buffer and used directly, or stored
in 0.5 M EDTA at 4°C. Electrophoretic fractionation was carried out
in a 1% agarose gel (made from high strength agarose powder, FMC)
using CHEF-DR II apparatus (Bio-Rad). The gels were run at 180 V
in 45 mM Tris-borate, | mM EDTA, pH 8.0 with pulse ramping time
from T; =12 s to T, =60 s at 16°C for 24 h. After electrophoresis. the
gel was stained with ethidium bromide (1.0 pg/ml; 30 min) and then
destained with distilled water (1 h). The gel was viewed using a UV
transilluminator and photographed.

2.4. Cytological methods

The structure of the nuclei was investigated by fluorescence micro-
scopy. Briefly, the cells were fixed in methanol-acetic acid 3:1 (Car-
noy’s fixative) overnight at —20°C, then transferred onto glass and
stained with 1 pg/ml propidium iodide for 5 min. Red fluorescence
was visualised using an Olympus epifluorescence microscope. Cell
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viability was identified using fluorescein diacetate which passes across
the plasma membrane. Metabolically active protoplasts cleave the
compound and release fluorescein [13]. An Olympus epifluorescence
microscope was used for the evaluation of the proportion of cells
giving yellow fluorescence. Changes in the structure of the cytoplasm
were evaluated under phase-contrast light microscopy.

3. Results

3.1. Cold stress-induced fragmentation of nuclear chromatin
An exponentially growing BY-2 cell culture at a density of
about 10°% cells/ml was transferred from the optimal cultiva-
tion temperature of 27°C into 5-6°C. Total DNA samples
were isolated after 1-5 weeks of cold treatment. The integrity
of DNA molecules was monitored by electrophoresis in a
1.5% agarose gel (Fig. 1A). DNA isolated from control cells
migrated as an unresolved high molecular weight band of
more than 20 kbp in length (lane 1). In contrast, DNA
from cells kept at low temperature for 1-5 weeks (lanes 2-6
and 8) showed a significant degree of fragmentation forming
ladders of bands. There was apparent progress in DNA frag-
mentation increasing with the time of cold treatment. After
5 weeks, most of the chromatin was already present as low
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molecular weight nucleosomal units. Densitometric scanning
revealed that the bands were regularly spaced with a perio-
dicity of 178 £5 bp, a value close to the size of the tobacco
basic chromatin subunit (182 bp); the pattern of tobacco
chromatin obtained after 30 min digestion with MNase is
given in lane 7. This indicated that cold stress may induce
an apoptotic-like endonucleolytic cleavage of nuclear chroma-
tin into oligonucleosomal units. Prolonged cultivation of BY-
2 cells at 27°C (2 weeks without transfer to fresh medium,
density of 3.6 10 cells/ml) caused a smeared DNA pattern
without any periodicity (Fig. 1, lane 9). In several studies
describing apoptosis in animal cells, characteristic oligonu-
cleosomal fragmentation was shown to be preceded by chro-
matin cleavage into > 50 kbp fragments [14]. Therefore, we
examined the integrity of high molecular weight DNA by
pulsed field gel electrophoresis (Fig. 1B). DNA from control
cells grown at 27°C showed a single compressed band of more
than 800 kbp in size. Subsequent degradation upon cold treat-
ment resulted in the appearance of 50-100 kbp fragments.
These fragments could be detected even at intervals where
no internucleosomal cleavage was visible on conventional
electrophoresis. Smeared patterns observed after 4 days of
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Fig. 1. DNA fragmentation in tobacco BY-2 cells after cold treatment. A: Conventional agarose electrophoresis. Lane 1, control DNA from
cells harvested at exponential phase of growth; lanes 2-6, DNAs from cultures exposed to 5-6°C for 1-5 weeks, respectively; lane 7, nucleoso-
mal ladder of tobacco chromatin generated by a 30 min digestion of nuclei with MNase; lanes 8 and 9, DNAs from cultures incubated for
2 weeks at 5-6°C and 27°C, respectively; M, DNA markers. B: Pulsed field gel electrophoresis. High molecular weight DNA embedded in
agarose blocks was separated by PFGE under the conditions described in Section 2. Lane I, control DNA isolated from cells grown at normal
cultivation conditions; lanes 2-4, DNA from cultures exposed to 5-6°C for 4, 7, and 14 days, respectively.
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cold stress (lane 2) were transient and disappeared after longer
incubation intervals.

In order to study DNA fragmentation in defined sequences
of the nuclear genome, we hybridised the fragmented DNAs
with the HRS60 (representing the subtelomeric repetitive se-
quence) [9.15,16] and with the ribosomal (2558 rDNA) [11]
probes. Fig. 2 shows the hybridisation patterns with the
HRS60 DNA probe. Hybridisation with the 258 rDNA probe
gave the same result (not shown).

3.2. Cvtological studies

The above results (Figs. | and 2) demonstrated that DNA
fragmentation occurred in BY-2 cells exposed to cold stress,
suggesting that PCD was induced. Since apoptotic changes,
well described in animal cells, are characterised also by de-
struction of the structural organisation of the nucleus, we
studied the morphology of cell nuclei by fluorescence micros-
copy. BY-2 cells incubated at 5-6°C were fixed and stained
with propidium iodide to visualise nuclear chromatin. Fig. 3B
shows several characteristic features of nuclei from cold-
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Fig. 2. DNA fragmentation at the HRS60 genomic loci. DNAs
shown in Fig. 1, lanes 1, 3 and 6, respectively, were blotted onto a
nylon membrane and hybridised to a “’P-labeled HRS60 DNA
probe.
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Fig. 3. Fluorescence microscopy of normal and cold-stressed cells of
BY-2 cell culture. The cells were fixed with Carnoy’s reagent.
stained with propidium iodide and photographed under a Olympus
epifluorescence microscope. A: Control cells. B: Cells maintained in
the cold for | week. Bar in A =350 um.

stressed cells: in comparison with nuclei of control cells
(Fig. 3A), chromatin is more condensed and sharply circum-
scribed. often concentrated at the nuclear membrane or on
only one side of the nucleus. These changes occurred after a
few days of cold treatment. Fig. 3B shows nuclei of cells cold-
treated for | week. The DNA pattern of these cells is given in
Fig. 1, lanc 2.

Substantial changes also occurred in the cytoplasm. Fluo-
rescein diacetate staining, revealing the metabolic activity of
cytoplasm, showed that the proportion of metabolically active
cells gradually decreased during the cold treatment. In an
early, 4 day interval of the cold treatment, the proportion
of active cells fell to about 30%. This decrease continued
and reached values ranging from 17 to 11% in time intervals
of 2 5 weeks of cold treatment. It should be stressed that even
at the time intervals of 4 and 5 weeks of cold treatment, about
11" of cells remained metabolically active. The structure of
the cytoplasm, observed under phase-contrast light micros-
copy, was changed in accordance with the loss of metabolic
activity. It became rough and shrinkage of protoplasts oc-
curred. No such changes were visible in metabolically active
cells.

4. Discussion

The tobacco BY-2 cel line represents a cell population of
high homogeneity thus being convenient for studies of envi-
ronmental impacts on plant cells. In this report we provide
evidence for specific apoptotic changes induced with cold
treatment. Ladders of regularly spaced DNA fragments were
observed after 2-5 weeks of incubation of the cell culture at
5-6°C. The ladders (spaced at 178 bp) were indistinguishable
from those obtained with M Nase digestion of nuclear tobacco
chromatin suggesting that nucleosomal linker regions were
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preferential targets of nuclease cleavage. Two distinct genomic
loci, the repetitive HRS60 sequences of the subtelomeric het-
erochromatin [9,15,16] and 25S rDNA genes [11], were frag-
mented in the same way as the bulk chromatin suggesting that
there was no apparent sequence discrimination in the process
of DNA cleavage. PFGE analysis of high molecular weight
DNA provided evidence that earlier changes in the integrity of
DNA preceded internucleosomal cleavage. The genome diges-
tion into fragments of 50-100 kbp in size was apparent in
early intervals of cold treatment (47 days) defined by char-
acteristic changes in chromatin condensation, however with-
out any visible DNA ‘ladders’. The first nucleosomal ladders
emerged after 2 weeks of cold treatment when most DNA was
already fragmented into 50-100 kbp fragments. We conclude
that internucleosomal cleavage of tobacco chromatin is a late
event in response to cold stress and is preceded by genome
degradation into 50-100 kbp fragments which may arise from
the release of chromatin loops from the nuclear scaffold. This
result may provide another parallel with the apoptotic process
seen in animal cells where high molecular weight fragmenta-
tion is considered an early stage of apoptosis [14]. It should be
noted that even after 5 weeks of cold treatment there was a
fraction of intact high molecular weight DNA.

Another effect of low temperature concerned the morphol-
ogy and metabolic activity of cells. Shrinkage of protoplasts
was associated with the loss of the cells’ ability to cleave
fluorescein diacetate. The cell nucleus underwent a number
of morphological changes including chromatin condensation,
migration of chromatin towards the nuclear membrane and
appearance of DNA-free regions in the nucleus. However, a
fraction of cells without apoptotic changes was detected even
in late stages of cold treatment. This may correspond to the
part of cleavage-resistant high molecular weight DNA (Fig.
1A,B). These observations may reflect the presence of a cold
stress-resistant population of tobacco cells. Indeed, transfer of
cold-stressed cells to a normal growth temperature resulted in
a slow culture recovery (not shown).

Plants have to cope with a number of environmental stress-
es like plant pathogens, elevated or decreased temperature,
osmotic stress. Some of these factors have been suggested to
activate the cell death program and, recently, the gene ACD?2,
involved in the cell death program, was identified in Arabi-
dopsis thaliana [2]. Apoptotic changes, including DNA frag-
mentation, were described in tomato cells as a response to
host-selective toxins, arachidonic acid, a fungal elicitor of
the hypersensitive response from Phytophthora infestans,
KCN and heat shock [4]. In our experiments, we used an in
vitro system, the tobacco BY-2 cell culture. Commonly, in
vitro systems offer a possibility to study PCD at the biochem-
ical and molecular levels in a rather homogeneous population
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of cells. For example, embryogenic carrot cell suspension cul-
tures were conveniently used for PCD studies [17]. A question
arises as to whether the chromatin fragmentation and conden-
sation observed in cultured tobacco cells occur also in plants.
We believe that a parallel might exist as Nicotiana tabacum
belongs to cold-sensitive plants. We can conclude that tobacco
cells exposed to cold stress undergo specific apoptotic
changes, i.e. non-random degradation of nuclear chromatin
and characteristic morphological changes of cytoplasm and
nuclei, suggesting that the cell death program was activated.
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